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Introduction
Solid oxide fuel cells (SOFCs)are interestingas an energy conversiontechnologywith

potential applications in transportationsystems. A major disadvantageof current SOFC

technology,however,is the relatively high operatingtemperatures(600ï1000ºC), limiting their

rangeof practicaluseto largepowersystems. Reducedoperatingtemperaturesmay be achieved

by makingthe SOFCelectrolytemembranethinner,therebymaking it easierfor oxygenions to

moveacrossthemembraneat lower temperatures.
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Yttria-stabilizedzirconia(YSZ) is themostwidely usedmaterialfor SOFCelectrolytesandis

a well-studiedalloy, known for its thermalstability, fast oxygenion conduction,andelectronic

insulation. The YSZ SOFCelectrolyteis typically tensof micronsin thickness,andreducingits

thicknessto the nanometerscalemay lead to improvedSOFCperformanceat lower operating

temperatures. We report on the microstructureandelectrochemicalpropertiesof nanoscale(20-

50nm) YSZ synthesizedusinga laminateapproachvia atomiclayerdeposition(ALD).

Solid Oxide Fuel Cell (SOFC) Yttria -Stabilized Zirconia (YSZ)



NanolaminateTechnique
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As a route to preparingnanoscaleYSZ electrolytes, zirconia/yttria nanolaminateshaving

either long (~10nm) or short (~1nm) bilayer periodsand various averagecompositionswere

depositedvia atomiclayer deposition(ALD). ALD is a CVD-type film growth techniquenoted

for its efficacy in depositionof thin pin-hole-free metal oxide films. Different yttria contents

were achievedby varying the numberof Zr and Y precursorpulsesduring alloy film growth.

Post-depositionannealingat 950ºC for 2.5 hoursenabledlayerinterdiffusionin thenanolaminate

structures.
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Atomic Layer Deposition (ALD)



NanoscaleZrO 2 with TDEAZr
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Nanoscalezirconia(ZrO2) is typically depositedvia ALD at 250ºC onto3òSi(100) waferswith

a native 1.5nm surfacechemicaloxide. In 2007 we changedthe ZrO2 processprecursorfrom

zirconium tetrachlorideto tetrakis(diethylamino)zirconium, or TDEAZr. TDEAZr is a liquid

precursorthat providesincreasedspeciesvolatility andeliminatesthe commoncloggingproblem

of chloride-basedchemistries. We establishedreproducibleZrO2 growth (0.9-1.1Å/cycle) and

verified film chemistrywith x-ray photoelectronspectroscopy. Surfaceroughnessstudiessuggest

that higher precursorsourcetemperaturesresultedin a rougher ZrO2 surface(seebelow, left

figure), which could be attributedto higher speciesconcentration. Furthermore,higher substrate

temperaturesresultin a smootherZrO2 surface(seebelow,right figure), which couldbeattributed

to morecompletechemicalreactionsandhigherspeciesmobility at the film surface. Our studies

suggestthat a higher TDEAZr temperaturecoupledwith a higher substratetemperaturesyield

smootherfilms with expectedgrowthrates.

Surfaceroughnessof 6nm-thick ZrO2 increaseswith TDEAZr source

temperature,all other processingconditionsidentical.(Note: vertical

scaleis 20nm,scanareais 1um x 1um)

TDEAZr 70 °C

Substrate 150 °C

RMS roughness 

0.41nm

TDEAZr 80 °C

Substrate 150 °C

RMS roughness 

0.67nm

TDEAZr 90 °C

Substrate 150 °C

RMS roughness 

1.26nm

Surface roughnessof 6nm-thick ZrO2 decreaseswith

substratetemperature,all other processingconditions

identical. (Note: vertical scale is 20nm, scan area is

500nmx 500nm)

TDEAZr 90 °C

Substrate 150 °C

RMS roughness 

1.16nm

TDEAZr 90 °C

Substrate 350 °C

RMS roughness 

0.59nm

Effect of Precursor Temperature Effect of Substrate Temperature



Oxide Interdiffusion
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As-grown Annealed

Initially, thick zirconia/yttria layers (bilayer period ~10 nm) were grown to examine

interdiffusionof thetwo oxidesuponannealing. Cationdiffusion calculationsbasedon published

Y, Zr, and YSZ diffusion studies1,2 andDarkenôsflux equationsuggestedthat post-deposition

annealsat 950ºC for 2.5 hourswould result in an effectivediffusion distanceof ~0.6nm. This

distanceis similar to the bilayer periodicity of short-period nanolaminates(intendedfor YSZ

growth) but quite small comparedto that of thick-layer laminates. In the aboveimagesof thick

ZrO2/Y2O3 layers,interdiffusionafter annealing(950ºC, 2.5hrs) is evident,but discernibleY2O3

layerssuggestincompleteintermixing,asexpectedfor thisbilayerperiodicity.

1. Kilo, M., et al, J Appl Phys94, (2003).

2. Lee,T., Navrotsky, A., J. Mater. Res. 18, 908-918(2003).

ü 20nmtotal film thickness

ü PolycrystallinetetragonalZrO2 layers

üAmorphousY2O3 layers

ü Total laminatethicknessdecreasedfrom ~20.8 nmto ~19.7 nm

ü SignificantSiO2 interfacialgrowthfrom ~1 nmto ~14.5 nm



Oxide Interdiffusion
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SIMS Chemical Depth Profile
(raw data by EAG Labs, Sunnyvale, CA)

SIMS chemical depth profiling

confirmed our TEM observation of

partial layer interdiffusion in thick

ZrO2/Y2O3 layers. These annealing

experimentsstrongly suggestcomplete

speciesinterdiffusion shouldoccur for

zirconia/yttria films with considerably

thinner laminatelayersunderthe same

annealingconditions,a relatively low

temperature(950°C) comparedto the

meltingpointsof ZrO2 andY 2O3.

Making nanoscaleYSZé.

Subsequently,in order to promote

thorough interdiffusion of

homogeneous zirconia/yttria alloys,

short-period (bilayer period < 1nm)

zirconia/yttria laminatesweredeposited

andannealedunderthesameconditions

asthethick ZrO2/Y2O3.

Y:Zr contentdepthprofiles. Extractedfrom SIMS datafor

as-grown (in blue) and annealed(in red) long-period ZrO2-

Y2O3 nanolaminate.



RMS roughness 

< 1.8 nm

Annealing Nanolaminates
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6YSZ

As-Deposited

10YSZ

Annealed
(950ºC, 2.5 hrs)

3YSZ

RMS roughness 

<0.37nm

RMS roughness 

<0.96nm

RMS roughness 

<1.00nm

RMS roughness 

<0.72nm

RMS roughness 

<0.52nm

Lam #1, 30nm thick Lam #37, 30nm thick Lam #41, 20nm thick

Zirconia/yttria (shortbilayerperiod)nanolaminateswereannealedat 950ºC in flowing O2 or Ar

gasfor 2.5 hoursto promotelayer interdiffusion, inducecrystallization,andremoveexcessH2O

oxidant incorporatedinto the laminatesduring the ALD process. The AFM imagesbelow show

decreasesin surfaceroughnessas a result of annealingthe nanolaminates, consistentwith our

previouswork.


